Molecular structures of the various conformational stereoisomers of 2,8,14,20-cyanophenyl pyrogallol[4]arenes 1 were optimized using the mPW1PW91 (hybrid Hartree-Fock density functional) calculation method. The total electronic and Gibbs free energies and the normal vibrational frequencies of the different structures from three major conformations (CHAIR, TABLE, and 1,2-Alternate) of the four stereoisomers [1(rccc), 1(rcct), 1(rctt), and 1(rtct)] were analyzed. The mPW1PW91/6-31G(d,p) calculations suggested that 1(rcct) 1,2-A , 1(rctt) CHAIR , and 1(rtct) CHAIR were the more stable conformations of the respective stereoisomers. Hydrogen bonding is the primary factor for the relative stabilities of the various conformational isomers, and maximizing the π-π interaction between the cyanophenyl rings is the secondary factor. The calculated IR spectra of the more stable conformers [1(rctt) CHAIR , 1(rcct) 1,2-A , 1(rtct) CHAIR ] were compared with the experimental IR spectrum of 1(rctt) CHAIR .
Introduction
Calixarenes, which are a class of synthetic macrocycles, have been extensively explored.
1-5 Resorcinarenes 6 and pyrogallolarenes 7 are structurally analogous to calixarenes. Till date, many variants and hybrids of calixarenes, including calixcrowns, 8 calix [4] resorcinarenes, 9 and cavitands, [10] [11] [12] have been synthesized. Molecular capsules, self-assembled from calix [4] arenes, resorcin [4] arenes, cavitands, and pyrogallol [4] arenes, have received increasing interest in recent years. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] In particular, pyrogallol [4] arenes have drawn much attention since their emergence as new hydrogen-bonded dimeric and hexameric molecular receptors. [24] [25] [26] [27] [28] Many of the dimers are comprised of monomers seamed together, either directly or via hydrogen bond donor/acceptor solvent molecules. [29] [30] [31] [32] [33] The hexameric pyrogallol [4] arene spheroidal structures are held together by hydrogen bonding between the monomers.
36-38
Pyrogallol [4] arenes have been shown to self-assemble into remarkable multicomponent assemblies, including nanocapsules, nanotubes, and bilayer networks. 37 The formation of large self-assembled nanocapsules by hydrogen bonding of the upper-rim hydroxyls prompted researchers to attempt encapsulation of target molecules and thus obtain a variety of interesting cocrystals. [38] [39] [40] [41] The synthesis, crystal structure, and IR spectroscopic investigation of C-cyanophenyl pyrogallol [4] arene 1 without any modification of the hydroxyl groups of pyrogallols have been reported. 42 In this study, we have optimized the conformers (CHAIR, TABLE, 1,2-Alternate) of the four stereoisomers [1(rccc), 1(rcct), 1(rctt), and 1(rtct)] of 1 using mPW1PW91 (hybrid HF-DF) calculation methods. The primary objective of this research was to determine the structures and relative stability of the different conformational stereoisomers for 1 using the mPW1PW91/ 6-311+G(d,p) calculation method. The secondary objective was to compare the calculated IR spectra of the more stable conformers of the four stereoisomers of 1 obtained from the mPW1PW91method. These findings might be useful for the design of receptors based on pyrogallol [4] arenes, and in turn, for the construction of superstructures derived from hydrogen bonds or metal coordination.
Computational Methods
Three major conformations (CHAIR, TABLE, and 1,2-Alternate) of the four stereoisomers [1(rccc), 1(rcct), 1(rctt), 1(rtct)] were constructed using the molecular mechanics (MM), molecular dynamics (MD), and semi-empirical cal-culations of HyperChem. 43 Optimized structures were found by conformational searches using a previously described, simulated annealing method. 44 The stereoisomers of 1 obtained from the MM/MD and AM1 calculations were fully reoptimized using the mPW1PW91/6-31G(d) (hybrid HF-DF) calculation method to determine both the relative energies and structures of distinct conformational stereoisomers. Modified Perdew-Wang 1-parameter (mPW1) calculation methods 45, 46 such as mPW1PW91 are new hybrid HartreeFock density functional (HF-DF) models that help in obtaining remarkable results for both covalent and non-covalent interactions.
47 Additional mPW1PW91/6-311+G(d,p) optimizations were performed using Gaussian 09
48 to obtain more accurate total electronic energies and structures for the conformational stereoisomers of 1.
The mPW1PW91/6-31G(d) method was also used to calculate the normal mode frequencies of the final structures. None of the vibrational spectra showed negative frequencies, confirming that the optimized structures exist in energy minima. For direct comparison with experimental data, the calculated frequencies were scaled by the recommended scale factor (0.950). 49 Furthermore, broadened IR spectra were presented assuming a Lorentzian line width of 10 cm .
Results and Discussion
The dispositions of the cyanobenzenyl groups are denoted as cis (c) or trans (t) relative to the reference cyanobenzenyl group (r) with respect to the mean plane defined by the macrocycle. The notation proceeds around the system in a direction from the reference group, which is chosen to prioritize cis over trans and maximize the number of cis. The structures of the three main conformations (CHAIR, TABLE, and 1,2-Alternate) of the four stereoisomers [1(rccc), 1(rctt), 1(rcct), and 1(rtct)] were optimized using the mPW1PW91/6-31G(d) (hybrid HF-DF) calculation method to determine both the relative energies and structures of various distinct conformational stereoisomers. Table 1 shows the total electronic and Gibbs free energies minimized by the mPW1PW91 method with the 6-31G(d) basis set for the distinct conformational isomers. The calculated Gibbs free energies in Table 1 suggest the following: (1) the 1,2-A conformation is the most stable of the 1(rcct) isomers, (2) the CHAIR conformer is also the most stable of the 1(rtct) stereoisomers, and (3) the CHAIR conformer is the most stable of the 1(rctt) stereoisomers, which agrees with the conformation (1(rctt) CHAIR ) of the experimental crystal structure.
42
The electronic energies of these structures were also optimized with the 6-311+G(d,p) basis set to obtain more accurate total electronic energies and structures for the stereoisomers of 1. Table 2 reports the additional mPW1PW91 calculated total electronic energies and the dipole moments of the seven conformational stereoisomers of 1. Figure 1 shows three most stable structures (1(rcct) 1,2-A , 1(rctt) CHAIR , and 1(rtct) CHAIR ) calculated by the mPW1PW91/ 6-311+G(d,p) method. Visualization of the optimized structures in Figure 1 was performed with PosMol. 50 ( Figure S1 in "Supplementary Material" shows the calculated structures of three conformers (CHAIR, TABLE, and 1,2-Alternate) of the respective stereoisomers [1(rccc), 1(rcct), 1(rctt), and 1(rtct)] including the less stable conformers.) The frontier orbitals (HOMO and LUMO) for the more stable confor- The dispositions of the cyanobenzenyl groups are denoted by cis (c) or trans (t) relative to the reference cyanobenzenyl group (r) with respect to the mean plane defined by the macrocycle, as suggested by Bohmer.
1 The notation proceeds around the system in a direction from the reference group, which is chosen in order to prioritize cis over trans and maximize the number of cis. mations of 1 (1(rcct) 1,2-A , 1(rctt) CHAIR , and 1(rtct) CHAIR ) were drawn using GaussView. 51 The HOMO orbitals of these three conformers are mainly located at the pyrogallolarene moieties. However, the LUMO orbital in each conformer is located at one of the cyanophenyl groups.
It is well established that the substitution of aryls for alkyls on methine units connecting the pyrogallols of pyrogallol [4] arene yields a chair conformation. 52, 53 The CHAIR conformer of 1(rctt) exhibits C2 symmetry around the centroid of pyrogallol [4] arene (Fig. 1) . Two 4-cyanophenyl substituents pointing along the same direction face each other so that the π-π interaction between the cyanophenyl rings is maximized. At the terminal of the cyanophenyl rings, the calculated distances between two nitrogen atoms are 4.954 Ǻ and 5.028 Ǻ, which are larger than the observed distance (3.588 Ǻ) in the crystal structure 42 and the typically required distance (3.400 Ǻ)
54 for π-π interaction in phenyl rings. The experimental IR spectrum 42 and mPW1PW91/6-31G(d) calculated IR spectra (Fig. 2) of the more stable conformers [1(rctt) CHAIR , 1(rtct) CHAIR , and 1(rcct) 1,2-A ] of the respective stereoisomers of 1 are compared in Table 3 . The main features (frequencies and intensities) of the conformational stereoisomers differ only slightly in the low-frequency range. However, the high-frequency vibrations of free and restricted O-H bond stretching correspond to a wide wavenumber range, between 3300 and 3600 cm The frontier orbitals (HOMO and LUMO) for the more stable conformations of 1 (1(rctt)CHAIR, 1(rtct)CHAIR, and1(rcct)1,2-A) are drawn by GaussView.
ing on the presence of hydrogen bonds. Table 3 lists the common features of the three calculated conformational stereoisomers and an experimental IR spectrum. The first peak (390-517 cm ), as opposed to the single CN stretching peak of the 1(rctt) CHAIR or 1(rtct) CHAIR isomer, the intensity of which is weaker than that of the experimental peak of 1(rctt) CHAIR . The peaks (3050-3100 cm −1 ) are composed of low-intensity lines corresponding to C-H stretching vibrations.
From the last two rows of Table 3 , it is seen that the peaks (3300-3500 cm ). The extent of shift depends on the relative strength of the hydrogen bond between the hydroxyl hydrogen atom and the hydroxyl oxygen and/or the nitrogen atom of the cyanophenyl group. As listed in Table 3 , 1(rcct) 12A shows three extra H-bonded O-H bond stretching vibrations (3385, 3407, and 3484 cm −1 ) as compared to 1(rctt) CHAIR , which proves that hydrogen bonding plays the primary role in the stability of the conformational stereoisomers of 1.
Conclusion
The total electronic and Gibbs free energies and normal vibrational frequencies of the different structures from four major conformations (CHAIR, TABLE, and 1,2-A) of the four stereoisomers [1(rccc), 1(rcct), 1(rctt), and 1(rtct)] were optimized using mPW1PW91 (hybrid HF-DF) calculation methods. 1(rcct) 1,2-A , 1(rctt) CHAIR , and 1(rtct) CHAIR were the more stable conformations of the respective stereoisomers. The calculated results correlated well with the experimental structures obtained from X-ray crystallography. Hydrogen bonding is the primary factor for the relative stabilities of the various conformational stereoisomers, and maximizing the π-π interaction between the cyanophenyl rings is the secondary factor. The calculated IR spectra of the more stable conformers [1(rctt) CHAIR , 1(rcct) 1,2-A , and 1(rtct) CHAIR ] were compared with the experimental IR spectrum of 1(rctt) CHAIR .
Supplementary Material. All calculated structures of three conformers (CHAIR, TABLE, and 1,2-Alternate) of the respective stereoisomers [1(rccc), 1(rcct), 1(rctt), and 1(rtct)] are reported.
